The widespread methane emissions that were discovered in 2013 on the Aquitaine Shelf at water depth between 140 and 220 m are associated with authigenic carbonate crusts that cover meter-high subcircular reliefs of 10 to 100 m in diameter. These authigenic carbonates are primarily aragonite plus calcite and dolomite, which cement the fine-to medium-grained sandy sediment. The carbonate cement is often pierced by numerous circular cavities of 5 to 10 µm in diameter that are considered to be moulds of gas bubbles. Conversely, micron-sized cavities in the aragonite crystals are attributed to dissolution features, in relation to the production of CO2 during the aerobic oxidation of methane. The oxygen isotopic compositions of bulk carbonate (+1.7 to +3.7‰) and aragonite cements obtained from microsampling (-0.1 to +1.4‰) indicate that these carbonates were precipitated in mixtures of seawater and freshwater, i.e., in the context of submarine groundwater discharge at the seafloor. The carbon isotopic compositions of authigenic carbonates (-51.9 to -38.1‰) and of aragonite cements (-49.9 to -29.3‰) show that the dissolved inorganic carbon of pore fluids was mostly produced by the anaerobic oxidation of biogenic methane and also partly from the groundwater system.
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1-Introduction
Authigenic carbonates derived from the anaerobic oxidation of methane (AOM) have been extensively described in many examples of present and past cold seep environments at passive and active continental margins (e.g., Aloisi et al., 2000; Naehr et al., 2000; Peckmann et al., 2001; Judd and Hovland, 2007; Foucher et al., 2009; Crémière et al., 2012; Bayon et al., 2013; Dupré et al., 2014c; Pierre et al., 2014a,b) . These studies demonstrated that in cold seep environments, carbonate formation was driven by the activity of a microbial consortium of sulphate-reducing bacteria and methanotrophic archea where sulphate was reduced to sulphide and methane was oxidized as bicarbonate (Boetius et al., 2000) , thus increasing considerably the dissolved inorganic carbon (DIC) concentration in water where carbonate minerals may reach saturation and precipitate.
Therefore methane-derived authigenic carbonates (MDAC) would precipitate within the sulphate-methane transition zone (SMTZ) , that corresponds to an oxic-anoxic boundary lying generally below the seafloor at various depth within the sediment but sometimes in the anoxic bottom waters as it is the case in the Black Sea (Peckmann et al., 2001 ). The chemical composition of fluids where AOM is active typically displays very high DIC concentrations (up to 10 times the sea water concentration, and even more), which is prerequisite for carbonate minerals oversaturation (Claypool and Threlkeld, 1974; Wehrmann et al., 2011) . The carbon isotopic composition of MDAC that is derived from 13 C-depleted methane represents the best tracer of the origin of the DIC source.
The present study is focused on the mineralogical and oxygen and carbon stable isotopes characterization of the authigenic carbonates associated with the active methane seeps that were recently discovered on the southern Aquitaine Shelf. Specific objectives of this study include: (1) the characterization of the biogeochemical processes responsible for their formation; (2) the understanding of the relation between seeping fluids and authigenic carbonates; (3) the elaboration of a conceptual scenario of their environment of formation.
These objectives would help to identify the sources of water (marine, continental) and of DIC (anaerobic and aerobic oxidation of methane, fresh-water aquifer) in this shallow marine setting where seepage of methane-rich fluids to the seafloor might have been active for a long time.
2-Geological setting
The Aquitaine Shelf represents a gently deepening continental platform that extends from the Gironde river estuary (45°45'N) to the Capbreton Canyon (43°34'N) (Fig.1) . The upper sedimentary unit (maximum 2 m thick) was deposited recently during the upper Holocene when the sea level was stabilized close to the present one (Cirac et al., 2000) . It is overlying the soft sediment cover made up by six seismic units deposited during the Pleistocene; individual sequence comprises two sub-units deposited during stable sea level lowstand and transgressive phase respectively, the boundaries of which correspond to erosion surfaces during periods when sea level drops (Bellec and Cirac, 2010 ).
Numerous gas emissions in the water column and seabed structures were discovered by multibeam data acquired for fish resource estimations on the southern part of the Aquitaine Shelf (44°35'N to 43°50'N) at shallow depths from 140 to 185 m, about 50 to 60 km away from the present-day coastline . Two French oceanographic cruises Gazcogne1 (July-August 2013) and Gazcogne2 (September 2013) were dedicated to the specific study of this area. During the Gazcogne1 cruise, 9200 seabed structures were identified by acoustic imagery and mapped precisely by swath bathymetry . The Gazcogne2 cruise was dedicated to Remote Operated Vehicle (ROV) observations and sampling of three selected seabed structures (A, D and G) corresponding to highly active seeping sites (Fig. 1) . The morphology of the seabed structures corresponds to subcircular, discontinuous mounds about one meter high and 10 to 100 meters in diameter that are partly covered by carbonate crusts, and surrounded by fine-grained, sandy, silty seafloor sediments. The carbonate mounds are associated with more or less active seeps identified by acoustic gas flares in the water column, that cover a wide area of more than 200 km 2 extending by ~80 km from north to south and 5 km on average from west to east at depths from 140 to 220 m ) that is thus much wider than it was previously described .
These occurrences are limited to the western edge of the Aquitaine Shelf and they display no spatial organization and no obvious relation with the deep regional structures .
3-Material and methods
3-1 Sedimentary sampling
During the Gazcogne1 cruise the sediment sampling was realized with box-corer that allowed recovering 20 to 30 cm of the upper sediment made of homogenous siltysands; 15 samples of silty-sands were collected in eight box cores retrieved between 151
and 273 m of water depth ( The Gazcogne2 cruise was designed as a multidisciplinary study of selected seep targets. Three dives of the Victor 6000-ROV provided observations and sampling of the fluids escaping from the sediments at the seafloor, of the authigenic carbonates and of the microbial and megafauna ecosystems . The 15 authigenic carbonate samples (11 seafloor crusts and 4 concretions from the subseafloor sediments) were lying between 156 and 182 m of water depth (Table 1 , Fig. 1, 2 ).
Prior to the mineralogical and isotopic analyses, a few grams of each sample was rinsed with ultra-pure water to eliminate salt, dried in an oven at 60°C during 24 h, and grounded in an agate mortar to obtain a homogenous powder of the bulk sediment. For 6 samples where the white crystalline carbonate cement was evidenced by binocular microscope observations, selective microsampling of the cement was made by dental drilling.
3-2 Mineralogy
The total carbonate content of bulk sediment (in weight % of dry sediment, wt%) was measured by reacting 100 mg of the powdered sediment with 1 ml of HCl-8N in a manual calcimeter. The precision of the measurement is better than 1% for the carbonate-rich samples.
The mineralogy of bulk sediment was determined by X-ray diffraction (XRD) of nonoriented powder, using a diffractometer (Brüker D2 Phaser) equipped with a Lynxeye detector, Cu -k radiation ( = 0.15406 Å) and Ni filter at 30 kV and 10 mA. The position of the major diffraction peak (d 104 ) of calcite was used to estimate the relative mole% content of MgCO 3 in the crystal lattice (Goldsmith et al., 1961) .
Scanning electron microscope (SEM) observations and elemental analyses by dispersive energy X-ray spectrometer were conducted on most samples of carbonate crusts and concretions to observe crystal morphologies and the structural relations between the different mineral components.
3-3 Oxygen and carbon stable isotopes
The oxygen and carbon isotopic compositions of carbonate are expressed in the conventional  notation, which corresponds to the relative difference in parts per mille (‰) between the isotopic ratio R ( 18 O/ 16 C and 13 C/ 12 C) of the sample (s) and of the reference (r) VPDB (Vienna Peedee Belemnitella) defined by Craig (1965) and revised by Gonfiantini et al. (1995) .
The isotopic measurements were realized on the bulk sediment powder (100 to 200 mg for the carbonate crusts depending on their carbonate content, and 1 g for the silty-sand sediments) that was reacted at 25°C during one day with 100% phosphoric acid; the CO 2 produced by the reaction was extracted offline and analysed with a dual inlet-triple collector isotopic ratio mass spectrometer (VG-Sira 9). For the carbonate cement microsamples, about 100 µg were reacted online with the multicarb coupled with the mass spectrometer (VG-Isoprime). The analytical precision of the mass spectrometer 2 is 0.01‰ and the reproducibility for repeated measurements of the laboratory reference calcite (Carrara marble) is ± 0.05‰ for both  18 O and  13 C values.
4-Results
The analytical results of mineralogy and stable isotopes of the soft sediments and carbonate crusts and concretions sampled during the cruises Gazcogne1 and Gazcogne2 are listed in Table 1 .
4-1 Petrography and mineralogy
The soft sediments are medium-grey fine-to medium-grained silty-sands where the show numerous circular holes of about 10 µm in diameter ( Fig. 7B-C) . Moreover, in a few samples, the aragonite crystals display also micron-sized cavities of dissolution (Fig. 8B ).
Authigenic calcite occurs as aggregates of sub-rhombohedral tiny crystals that are growing within the residual porosity of the aragonite framework ( Fig. 8D ), clearly indicating that calcite precipitation post-dates that of aragonite. Authigenic dolomite exhibits crystal habits either similar to those of calcite described above or platy (Fig. 8C) ; they frequently occur as overgrowths on the aragonite crystals and fill-in the residual porosity, which testify that their formation also post-dates that of aragonite. Pyrite is present as framboids and isolated grains disseminated within the carbonate cement ( Fig. 8A ) but it is often replaced by goethite or by an Fe-Al phosphate. Authigenic barite is more rarely present as tiny needle shape crystals either isolated or grouped as rosettes.
4-2 Oxygen and carbon isotope compositions of carbonates
The  18 O and  13 C values of the bulk carbonate of sediments (Table 1) 
5-Discussion
5-1 Mineralogy and growth rates of carbonate crusts of methane seeps of the Aquitaine Shelf
The mineralogy of MDAC cements of carbonate crusts in cold seep environments is highly dependent both of the physico-chemical conditions (temperature, pCO 2, alkalinity, sulphate concentration, Mg/Ca ratio) of pore fluids (Morse et al., 1997 , De ChoudensSanchez and Gonzalez, 2009 , Balthasar and Cusack, 2015 and of the methane flux that controls the AOM rate and the carbonate precipitation in the sulphate-methane transition zone (Nöthen and Kasten, 2011) . The carbonate mineral composition would thus be considered as the record of pore water chemistry. Aragonite is generally associated with high temperature, high sulphate concentration, high Mg/Ca ratio and high methane flux supporting high AOM rate whereas the reverse conditions promote calcite precipitation.
The two calcium carbonate mineral polymorphs, aragonite and calcite, may be present and upward advection rates lower than 90 cm/yr ; high sedimentation rates (> 0.5 mm/yr) would inhibit carbonate crust formation whereas low bioturbation rates (< 0.05 cm 2 /yr) would lead to carbonate dissolution by aerobic oxidation of methane (AeOM); conversely high bioirrigation activity from benthic organisms would increase the carbonate crust formation by supplying sulphate-rich bottom seawater deeper in the sediment and thus enhancing AOM. The U/Th dating of carbonate crusts has provided estimations of their growth rate of the order of cm/ k.y. in eastern Mediterranean (Bayon et al., 2009 (Bayon et al., , 2013 but it was 3 times higher at Hydrate Ridge on the Cascadian Margin (Teichert et al., 2003) and reached more than one m/ k.y.. at the Hikurangi Margin in New Zealand (Liebetrau et al., 2010 LGM would have shifted the shoreline westwards, which was then only 10 to 20 km eastwards from the present-day seeping sites and the water depths there were very shallow at 20 to 100 m.
5-2 Estimation of the authigenic carbonate fraction of the carbonate crusts
The carbonate crusts contain sedimentary calcite (coccoliths, foraminifers, shell fragments, detrital carbonate) and other detrital siliciclastic elements that are cemented by the authigenic carbonate. The  18 O and  13 C values of the pure MDAC fraction f may be calculated using a simple mass-balance equation.
The carbonate fraction of sediment represents 12wt% in average ( For the dolomite-water isotopic equilibrium (Fritz and Smith, 1970 ) the temperature T is in degree Kelvin. water. Such type of system of submarine groundwater discharge is well known on wide continental shelfs (e.g., Moore 1999 , Burnett et al. 2003 , as in the New Jersey margin where deep multilayered freshwater aquifers are present at more than 400 m depth below the seafloor and extend up to 150 km offshore (Hathaway et al., 1979 , Malone et al., 2002 , van Geldern et al., 2013 .
5-4 Characterization of the carbon sources
In organic and methane-rich environments, the biogeochemical processes related to the anaerobic microbial activity produce bicarbonate ions, which increase DIC concentrations in pore waters and thus control the precipitation of authigenic carbonates.
SO 4 2-+ 2CH 2 O -> HS
SO 4 2-+ CH 4 -> HS -+ HCO 3 -+ H 2 O (7)
The stoichiometry of these reactions show that two moles of bicarbonate are produced during the bacterial reduction (BR) of one mole of sulphate (reaction 6) whereas one mole of bicarbonate is produced during the anaerobic oxidation of methane (AOM) coupled with the reduction of one mole of sulphate (reaction 7). These reactions occur in strict anoxic conditions, where the sulphate ions are the limiting factor since they must be always present, even at very low concentrations, for promoting the BR and AOM reactions. The hydrogen sulphide, which is the by-product of these reactions, may be used either as an energy source by chemosynthetic organisms living at the seeping sites or they may precipitate as metallic sulphides, mostly iron sulphides (greigite, pyrite) in association with the authigenic carbonates.
The carbon isotopic compositions of the two substrates used during reactions (equation 6) and (equation 7) are very different, -25‰ in average for marine organic matter, and from -110 to -40‰ for bacterial and thermogenic methane respectively (Whiticar, 1999). The C-rich end member, which variable relative contributions control the isotopic composition of authigenic carbonates (Fig. 9) . (Jirakova et al., 2009 , Saltel et al., 2013 (Jirakova et al., 2009) . These characteristics of DIC of groundwater are used to estimate the  13 C values of GWC by considering the very small isotopic fractionation during carbonate precipitation (Emrich et al., 1970) at 12°C during recent times (-11.7‰ ) and at 7°C during the last deglaciation (-6.7‰).
The two sources of pore fluids that have been identified to drive the carbonate diagenesis at the methane seeping sites of the Aquitaine Shelf have not only different isotopic compositions but they have also different geochemical characteristics (seawater vs freshwater), which would probably exert a major control on the mineralogical composition of authigenic carbonates as well as on geochemical reactions including dissolutionprecipitation as well as redox reactions affecting other mineral components of the sediment.
However, the lack of chemical measurements of pore waters does not presently allow to go further in the discussion.
The vigorous methane flux currently seeping from the Aquitaine Shelf not only promotes aragonite precipitation by active AOM within the sediment zone, but also escapes as free gas bubbles from the seafloor to the water column (Dupré et al. 2014a, b) .
The sediment-bottom water boundary represents a very active zone where methane is oxidized to CO 2 by methanotrophic bacteria during the Aerobic Oxidation of Methane (AeOM), this process being largely enhanced by the strong bioturbation irrigating the seafloor sediment with oxygenated bottom seawater.
The AeOM reaction (equation 8) produces CO 2 that is responsible for dissolution of the solid carbonate previously precipitated (equation 9). The importance of this carbonate dissolution depends both on the methane and oxygen fluxes that are controlled by the intensity of AeOM and bioturbation rates. The carbonate crusts of the Aquitaine Shelf have been clearly submitted to the AeOM process as indicated by the numerous dissolution cavities on aragonite crystals identified by SEM observations.
6-Conclusions
The authigenic carbonate mounds associated to seafloor methane emissions that were recently discovered on the Aquitaine Shelf present characteristics overall similar to many cold seep systems: their very low  13 C values indicate that they are the product of microbial anaerobic oxidation of biogenic methane (AOM), and the mineral composition is a mixture of aragonite, calcite and dolomite. However, these shallow water depth seeps differ significantly from the deep-sea cold seeps because they are closely linked to the continental groundwater system where the coastal aquifer discharges DIC-rich freshwaters offshore 10's km beyond the sea level position. The Aquitaine Shelf system displays strong similarities with the northern US Atlantic Margin where widespread active methane emissions have been discovered at water depths between 50 and 1700 m, the upper shelf seeps being connected to groundwater system responsible for freshwater discharge to the seafloor more than 100 km away from the coastline (Cohen et al., 2010 , Skarke et al., 2014 ).
On the Aquitaine Shelf (and the northern US Atlantic Shelf), the methane seeps are located at the shelf break. In the case of the US Atlantic Shelf, the source of methane was inferred to come from gas hydrates decomposition due to warming of intermediate waters at this depth, which would thus correspond to the upper limit of gas hydrates stability (Skarke et al. 2014) . However, such an explanation can be ruled out in the case of the Aquitaine Shelf since gas hydrates are absent on this margin where methane is generated within the sedimentary deposits. Differently, it is proposed that the coincidence of the methane emissions at the shelf break indicates that it is the place where seawater is recharged whereas freshwater is discharged at the seafloor. The dynamics of these fluid flows is probably modulating (at least in part) methane emissions and authigenic carbonate precipitation. with variable isotopic fractionation (Alperin et al., 1988) and in situ  13 C values for methane . The theoretical  values of the GroundWater Carbonate (GWC) end-member have been calculated for the carbonate minerals (calcite, aragonite, dolomite) precipitated with the groundwater conditions during modern-Interglacial to Last
Glacial Maximum times (Jirakova et al., 2009; Saltel et al., 2013) . Highlights  Authigenic carbonate crusts are related to methane seeps on the Aquitaine Shelf  Anaerobic oxidation of methane was responsible for carbonate cementation  Submarine groundwater discharge is mixed with seawater recharge at the shelf break
